Aerial images of the high summits of the Spanish Central Range reveal signi®cant changes in vegetation over the period 1957 to 1991. These changes include the replacement of high-mountain grassland communities dominated by Festuca aragonensis, typical of the Cryoro-Mediterranean belt, by shrub patches of Juniperus communis ssp. alpina and Cytisus oromediterraneus from lower altitudes (Oro-Mediterranean belt). Climatic data indicate a shift towards warmer conditions in this mountainous region since the 1940s, with the shift being particularly marked from 1960. Changes include signi®cantly higher minimum and maximum temperatures, fewer days with snow cover and a redistribution of monthly rainfall. Total yearly precipitation showed no signi®cant variation. There were no marked changes in land use during the time frame considered, although there were minor changes in grazing species in the 19th century. It is hypothesized that the advance of woody species into higher altitudes is probably related to climate change, which could have acted in conjunction with discrete variations in landscape management. The pronounced changes observed in the plant communities of the area re¯ect the susceptibility of high-mountain Mediterranean species to environmental change.
INTRODUCTION
The current consensus is that global warming will affect the ecophysiological processes of plant systems (Leitonen et al., 1997; Thornley et al., 1997; Wayne et al., 1998; Shaw et al., 2000; Pen Äuelas and Filella, 2001 ), leading to complex ecological interactions that need to be studied in detail (Acock, 1992) . For instance, shifts in the distribution of plant species have repeatedly been predicted or reported as direct or indirect consequences of such ecophysiological changes, most of these investigations demonstrating the advance of thermophilic species and the retreat of cryophilic or mesophilic taxa in many types of ecosystem (Shaw et al., 2000; Hilbert et al., 2001) .
Changes in the distribution of species or communities can be more easily detected at ecotonal boundaries (Harte and Shaw, 1995; Risser, 1995; Pauli et al., 2001) . Thus, it has been noted that plants of sub-alpine areas seem to be especially sensitive to global warming (Shaw et al., 2000; Erschbamer, 2001; Pauli et al., 2001) . It is likely that such effects are more intense in mountain systems under limiting conditions (Beniston, 2000) , as in many alpine areas of Mediterranean-type climate, in which most of the orophilous species are relicts from frosts and are considered to be at the limit of their survival.
The advance of thermophilic native and alien plant species from coastal areas towards continental and midmountain Iberian areas has been detected recently, probably as a consequence of the effects of global warming (Sobrino et al., 2001) . The present analysis of climatic data suggests that this is not the only effect, and that the apparent absence of ecological alterations in the Iberian Peninsula is more a re¯ection of a lack of speci®c studies than an indication that changes in climatic variables have not reached the critical thresholds that could lead to ecological shifts.
The aim of this study was to determine whether the distribution of high-mountain species of central Spain has changed and, if so, to analyse and discuss the possibility that such alterations could be attributed to global warming.
MATERIALS AND METHODS

Study area
The work was conducted across the Spanish Central Range (some 500 km) in the Pen Äalara massif (2430 m), the range's second highest peak (Fig. 1 ). Geological and palaeohistorical data for the region are given in Mun Äoz and Sanz-Herra Âiz (1995) , and a synopsis of the¯ora and vegetation of this natural reserve in Many alpine and sub-alpine species, and hence their communities, show clear altitudinal distribution gradients in the area, which act as indicators of environmental conditions. Three altitudinal zones have been identi®ed: Supra-, Oro-and Cryoro-Mediterranean (Rivas-Martõ Ânez and Loidi, 1999) . This classi®cation system may be compared with others commonly employed in identifying habitats using the EUNIS Habitat classi®cation (http://mrw.wallonie.be/ dgrne/sibw/EUNIS). For the present purposes, it should be mentioned that patches of Juniperus communis ssp. alpina and Cytisus oromediterraneus can be easily identi®ed in aerial photographs. These images are extremely useful for detecting physiognomic changes in vegetation and the type of landscapes they form.
Analysis of vegetation shifts during the second half of the 20th century
Aerial photographs taken in May 1957 (1/14 000, conventionally ampli®ed aerial photograph, the ®rst available for the area) and July 1991 (1/5000, orthophotomap) were used to investigate possible changes in the alpine communities of the Pen Äalara massif during the second half of the 20th century. These images facilitated comparison of the distribution patterns of J. communis ssp. alpina and C. oromediterraneus shrublands in these 2 years. The Universal Projection Transverse Mercator system (UTM) was used to represent this cartographic information.
To quantify the patches of the selected shrub species and evaluate their displacement from the Oro-Mediterranean towards the Cryoro-Mediterranean zone, two transects (SW±NE and W±E) were drawn from 2300 m towards the summit of the Pen Äalara massif (2428 m). Consecutive series of 22 and 15 circles (1000 m 2 in area) were laid down along each transect. The circles were tangentially arranged with respect to each other. The number of isolated shrubs or continuous shrub patches was recorded at each site for both altitudinal zones (2300±2400 and above 2400 m) in the aerial photographs of 1957 and 1991. These data were compared using Mann±Whitney tests to establish signi®cant differences in the abundance of shrub patches appearing in each altitudinal interval (<2400 and b2400 m) between 1957 and 1991 (Zar, 1984) . As well as this laboratory work, several ®eld trips to the Pen Äalara massif were made over the last few years to obtain data on the current distribution of the typical plant communities of the Cryoro-Mediterranean zone.
Analysis of climatic data
Climatic data were obtained from the neighbouring weather station of Puerto de Navacerrada (at a height of 1890 m a.s.l, within the lower humid and hyper humid Oro-Mediterranean belt). This station is only 8 km away from the highest peaks of the Pen Äalara massif. Data from other meteorological stations were not used because of differences in altitude with respect to the study site. Thermometric data (minimum, maximum and mean values) from 1940 to 1999, rainfall and snow-related information from 1946 to 2001 (days with snowfall, days with hail, days with snow-covered soil) were grouped into two sets (monthly and annual mean values) and analysed using regression techniques after normalization of the variables when necessary (Zar, 1984) . No variable was found to show Studentized residuals exceeding 3´0, indicating that the data ®t the expected trend equation reasonably well.
The climatic datasets and temperature anomalies (measured as deviations from 0°C) were searched for possible signi®cant variation from 1940 to 2001. These analyses were performed both on global pooled data and on as many time intervals as possible, the latter spanning at least 20 years, as recommended by the IPCC (2001). The correlation coef®cient associated with each regression line was compared with that obtained by curvilinear models. As linear and non-linear models generated similar results, only the signi®cant results of the linear equations are provided. Also, for the sake of simplicity, only the principal results of the statistical analyses are presented here.
RESULTS
Vegetation changes
The aerial images clearly show a change in the distribution of shrub patches of the Pen Äalara massif (Fig. 2) . In these images, isolated and continuous patches of C. oromediterraneus and J. communis ssp. hemisphaerica appear as dark dots. A considerably higher density of shrubs can be detected in 1991 compared with 1957. This difference is particularly obvious from an altitude of 2200 m upwards: the theoretical limit of the Cryoro-Mediterranean zone. The small difference in season (May±July) would not be expected to affect the observations made since only evergreen shrubs were considered.
The numerical results from the SW±NE and W±E transects (Fig. 3) show a signi®cant increase in the number of shrubs in 1991 compared with 1957. Data on the area of patches are not shown since the large differences observed make the changes suf®ciently apparent. The relatively small number of shrub patches recorded at 2390 m (SW±NE transect) and 2400 m (W±E transect) can be explained by the presence of a rocky outcrop impairing shrub colonization and establishment. In the two transects and in the two altitudinal ranges, the overall number of shrub patches increased signi®cantly from 1957 to 1991. Within the range 2300±2395 m the overall number of shrub patches increased from 207 to 522 in the SW±NE transect and from 48 to 247 in the W±E transect (P < 0´001 in both cases). Within the range 2400±2428 m the overall number of shrub patches increased signi®cantly from 12 to 108 in the SW±NE transect and from 9 to 63 in the W±E transect (P < 0´05 in both cases). Table 1 and Fig. 4 show a clear climatic trend. The general pattern is one of higher temperatures in winter and early spring, and higher maximum temperatures in most months. Of note is the rise in mean minimum temperatures for January, the coolest month of the year. Also recorded were higher mean maximum and minimum temperatures, and fewer days with snowfall or on which the summits were covered with snow. Total annual rainfall did not change signi®cantly over the time period considered. However, signi®cant decreases (P < 0´05) were observed in monthly rainfall values for February (r = ±0´3747, from 1963 to 2000), March (r = ±0´4957, from 1964 to 2000), April (r = ±0´5120, from 1974 to 2000) and June (r = ±0´3706, from 1970 to 2000). Summer rainfall in July (r = 0´3918, 1963±2000) and September (r = 0´3766, 1970±2000) showed a slight yet signi®cant increase (P < 0´05). Thus, since the 1940s, and particularly since the 1960s, the prevailing climate in the summits of the Pen Äalara massif has moved towards warmer conditions and a seasonal redistribution of rainfall.
Changes in climatic variables
DISCUSSION
In studies of climate warming it has been dif®cult to establish a single link between vegetation change and climate change (Archer et al., 1995) . Thus, to identify the underlying cause of the advance in shrub species towards higher altitudes over the last decades established here, it is necessary to consider all possible causes of vegetation change including the effects of land use (®re regime, grazing mode or grazing pressure) and air or soil pollution (e.g. acid rain). According to the records of the Spanish Ministry of the Environment, there have been no ®res in mountain-top regions over the last two centuries. Furthermore, the most recent study of this area (Pen Äa-Martõ Ânez, 2002) reports no detectable pollution of any sort in the Pen Äalara summit area. Indeed, the environmental quality of this enclave is re¯ected by the fact that it is currently a candidate for the status of natural reserve' under Spanish legislation.
There has been no apparent change in grazing pressure or in grazing practices (Montserrat and Fillat, 1990) . The high Pen Äalara areas have not been intensively exploited as pastures, given the low palatability of their plant communities. Consequently, the area has traditionally been under low grazing pressure (0´7 animal ha ±1 ) since the beginning of the 20th century (Võ Âas, 2001 ). Today, each herd includes 20 animals on average (®eld observations), which, based on the records available, probably represents the level for many decades. The only historical evidence of change is the replacement of the few existing sheep at the end of the 19th century by an equivalent number of cattle. Indeed, it seems that variables related to land use have remained quite constant over the past 100 years, which is twice the time frame examined here. In contrast, a clear effect of global warming on Mediterranean ecosystems has been described (Pen Äuelas et al., 2002) , and differences in maximum and minimum temperatures shown here are in close agreement with the ®ndings of others (e.g. Bra Âzdil et al., 1996; Easterling et al., 1997) .
Although at a ®rst glance the rapid changes in vegetation of the Pen Äalara summits appear surprising, there are several reports in the literature of rapid encroachment by shrub or tree communities (Ansley et al., 1995; Bellingham, 1998 for Cytisus; Archer and Stokes, 2000 for Juniperus). Such rapid changes seem to be caused by intense modi®cations in land use (fencing, ®res, abandoned crops, etc.), but this does not appear to be the case in the Pen Äalara massif. It seems reasonable to assume that the changes in grazing that took place over 15 years before the start of the period examined here played a minor role compared with changes in climatic variables. Moreover, the time intervals over which these climate changes occurred in Pen Äalara are similar to those noted by Pen Äuelas et al. (2002) for the Mediterranean Basin.
It is likely that possible consequences of climate change in the area include diminished frost damage and an extension of the period of vegetative activity (Pen Äuelas et al., 2002) . The spread of woody vegetation towards alpine meadows favours further advances as a consequence of higher temperatures in scrubland canopies and their surroundings (Betts, 2000) . This type of feed-forward process may have favoured the spread of species typical of lower altitudes, and a change from alpine to sub-alpine communities has been observed in many areas worldwide (Holten and Carey, 1992; Grabherr et al., 1994; Henry and Molau, 1997; Molau and Alatalo, 1998; Gottfried et al., 2000) . Reduced snow cover and a redistribution of monthly rainfall could also have altered water relations at the soil surface, perhaps affecting seed dispersal and the survival of some species. For instance, J. comunis ssp. communis is sensitive to summer drought, which is considered to be the main abiotic factor regulating recruitment in high-mountain regions of southern Spain (Garcõ Âa, 2001 ). This author also points out that the number of days on which the soil and plants are covered by a layer of snow limits the availability of fruit for animal dispersal.
The small areas of Cryoro-Mediterranean communities in the Spanish Central Range make them vulnerable to environmental change, including changes caused by global warming. Some authors predict that a mean temperature increase of 1±2°C could be within the tolerance limits of most alpine species, although an increase of 3±4°C would not (Ko Èrner, 1995; Theurillat, 1995) . This is of particular signi®cance in the case of endemic plants con®ned to high summits. At the species level, the changes observed must have not only affected Juniperus and Cytisus, but also 0´079 T 0´024 0´4893** Number of days with snowfall (1962±2001) ±0´197 T 0´082 ±0´3900** Number of days with soil covered by snow (1962±2001) ±0´272 T 0´115 ±0´3576** RAV, Estimated rate of annual variation of temperature (°C) per year.
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modi®ed the distribution of associated taxa that are less easily detectable in aerial images. Thus, if the trend observed in the present study is common to other high summits of the Mediterranean Iberian Peninsula, this could be a sign of the partial or complete disappearance, in critical cases, of many relict ecosystems and plant communities, if species are not able to adapt their life-cycles or migrate (Gottfried et al., 2000) . The immediate effect of the disappearance of the typical Cryoro-Mediterranean zone is a clear simpli®cation of the high-mountain landscapes of central Spain, since many of these species are also found at lower altitudes.
In conclusion, the available evidence suggests that global warming may have triggered vegetation changes in the high Pen Äalara region. However, a possible synergistic effect including discrete changes in grazing practices that took place in the 19th century (Archer et al., 1995) cannot be ruled out. Whatever the cause, the pronounced change in alpine vegetation re¯ects the susceptibility of highmountain Mediterranean species to environmental alterations. If climate change is the main factor responsible for the trend observed, a reduction in landscape diversity can be expected since most high-peak taxa also thrive at lower altitudes.
